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Introduction

This project aims to increase understanding of potential bio-based and recycled raw
materials within the West Sweden chemical and materials cluster, to enable the
production of circular electrolytes for Rivus' organic flow batteries.

The project was carried out through a mapping of possible bio-based and recycled raw
material streams from companies within the cluster, an analysis of potential processing
pathways for extracting raw materials from substrates, and a calculation of the climate
benefits compared to using raw materials from, for example, China. The climate impact
calculations were evaluated through life cycle analysis for the raw materials and
processing pathways that show the greatest potential.

Participants in this project has been:
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Sammanfattning

CEROF-projektet, som genomfors med stod frdn initiativet Klimatledande
Processindustri, undersoker mojligheten att producera Rivus Batteries organiska
elektrolyter for flodesbatterier med hjalp av biogena och atervunna ramaterial som finns
tillgangliga i Sverige. Flodesbatterier, som anvander vattenbaserade elektrolyter, anses
vara ett sakrare och potentiellt mer hallbart alternativ till litiumjonbatterier, sarskilt for
energilagring dver langre tidsperioder.

Studien fokuserar pa att identifiera lampliga ramaterial — framst polycykliska aromatiska
kolvaten (PAH), kloridsalter och diaminer — som kan hamtas fran lokala industriella
processer sasom pyrolys, forgasning och angkrackning. Intervjuer med foretag i
Vastsverige gav uppskattningar av potentiella framtida volymer av PAH ar 2030. Manga
fragor kvarstar dock kring faktiska produktionsvolymer och mojligheter till raffinering av
startmaterial for syntes, eftersom industrin ar under betydande utveckling.

Olika kemiska syntesvagar for att framstalla naftalentetrakarboxylsyra (NTCA), en
nyckelprekursor i Rivus’ elektrolyt, har utvarderats. Pyren har anvants tidigare for
framstallning av NTCA och har den kortaste processvagen, men processvagen behdver
undersOkas ytterligare. Naftalen identifierades som det mest tillgangliga
utgadngsmaterialet, aven om det kraver flera bearbetningssteg. Andra PAH sdsom
acenaften visade sig vara mindre effektiva pa grund av lagt utbyten och mer komplexa
omvandlingsprocesser.

En livscykelanalys (LCA) genomfordes for att jamfora klimatpaverkan vid produktion av
malsubstansen fran fossil koltjara kontra biomassabaserad tjara. Resultaten visar att den
biomassabaserade vagen kan minska vaxthusgasutslappen med 40-70 %, beroende pa
vilken PAH-vag och allokeringsmetod som anvands. Naftalenbaserade vagen visade
konsekvent lagst klimatpaverkan, medan pyrenbaserade vagen hade hogst.

Kanslighetsanalyser visade att den biomassabaserade vagen behaller sin miljomassiga
fordel aven vid mindre gynnsamma atervinningsgrader. Dessutom kan en vardesattning
av biotjara — som idag ofta behandlas som avfall — ge nettofordelar for klimatet genom att
ersatta fossila insatsvaror.

Sammanfattningsvis antyder rapporten att biomassabaserad tjdra har potential som
ramaterial for produktion av organiska elektrolyter, med miljofordelar och bidrag till
regional cirkularitet. Dock kravs fortsatt arbete for att validera atervinningsprocesser i
industriell skala, optimera energianvandning och bedoma bredare hallbarhetsaspekter.



Summary

The CEROF project, supported by the Climate Leading Process Industry (Klimatledande
Processindustri) initiative, investigates the feasibility of producing Rivus Batteries organic
electrolytes for flow batteries using biogenic and recycled feedstocks available in
Sweden. Flow batteries, which utilize water-based electrolytes, are considered a safer
and potentially more sustainable alternative to lithium-ion batteries, particularly for long-
duration energy storage applications.

The study focuses on identifying suitable raw materials—primarily polycyclic aromatic
hydrocarbons (PAHSs), chloride salts, and diamines—that could be sourced from local
industrial processes such as pyrolysis, gasification, and steam cracking. Interviews with
companies in western Sweden provided estimates of potential future volumes of PAHs by
2030. However, many questions remain regarding actual production volumes and refining
of the precursors since the industry is under significant development.

Various chemical pathways for synthesizing naphthalene tetracarboxylic acid (NTCA), a
key precursor in Rivus’ electrolyte, were evaluated. Pyrene has been used previously for
the production of NTCA and has a short process route, but the process requires further
investigation. Naphthalene was identified as the most accessible, though it requires
multiple processing steps. Other PAHs such as acenaphthene were found to be less
efficient due to low yields and more complex conversion processes.

A life cycle assessment (LCA) was conducted to compare the climate impacts of
producing the target molecule from fossil coal tar versus biomass-derived tar. The results
indicate that the biomass-based route could reduce greenhouse gas emissions by 40—
70%, depending on the specific PAH pathway and allocation method used. The
naphthalene-based route consistently showed the lowest climate impact, while the
pyrene-based route had the highest.

Sensitivity analyses revealed that the environmental performance of the biomass-based
route remains favourable even under less-than-optimal recovery efficiencies.
Additionally, valorising bio-tar—currently treated as a waste stream—could result in net
climate benefits by replacing fossil-derived inputs.

In summary, the report suggests that biomass-derived tar has potential as a feedstock for
organic electrolyte production, offering environmental advantages and contributing to
regional resource circularity. However, further work is needed to validate industrial-scale
recovery processes, optimize energy use, and assess broader sustainability implications.



List of Abbreviations

Organic Electrolyte

Tar

PAHs

RME

NTCA

NDI
LCA
GWP

PED

A liquid solution containing carbon-based redox-active
molecules that enable energy storage and transfer through
reversible chemical reactions.

Tar is a complex mixture of condensable hydrocarbons
normally formed during incomplete combustion

Polycyclic aromatic hydrocarbons (normally a componentin
tar)

Rapeseed Methyl Ester

Naphthalene tetracarboxylic acid (precursor to Rivus
electrolyte)

naphthalene diimide
Life Cycle Assessment
Global Warming Potential (kg CO,e per kg NDI)

Primary Energy Demand



Background

Rivus Batteries is developing organic, water-based electrolytes for flow batteries, offering
a more environmentally friendly and cost-effective solution for energy storage. To meet
the climate targets set out in the Paris Agreement, both Sweden and the global
community must transition to increased renewable electricity production. Since the sun
doesn’t always shine and the wind doesn’t always blow, this energy transition will lead to
larger fluctuations in electricity generation. As a result, energy storage solutions are
needed to buffer the gap between supply and demand. Electricity capacity shortages are
already a reality in several parts of Sweden and Europe, particularly in the industrially
intensive region of West Sweden. The demand is expected to grow even further due to
planned industrial expansions, electrification, and the phase-out of fossil fuels.

Lithium-ion batteries for electric storage are currently the dominant battery technology,
including for stationary energy storage. However, due to their characteristics—high power
output over short durations and accelerated degradation with deeper and longer
charge/discharge cycles—they are primarily suited for short-duration applications such
as frequency regulation. Forecasts indicate that long-duration energy storage,
particularly in the range of 4 to 24 hours, will be increasingly needed in the near future.
This trend is already emerging in several markets, including the United Kingdom, the
United States, Australia, and Romania—the latter being one of the frontrunners within the
EU.

Flow batteries have better long-duration characteristics than Li-ion batteries. They also
offer a significantly safer alternative to lithium-ion batteries, as their water-based
electrolyte is non-flammable. Moreover, they eliminate the need for costly and
environmentally damaging mining operations, since no or small amounts of metals are
used in the active materials. These batteries also exhibit exceptional longevity and can be
deep-cycled continuously without degradation. Thanks to their modular and accessible
design, flow batteries are easy to repair and recycle—unlike lithium-ion batteries, where
a single faulty cell can render an entire pack of thousands unusable, resulting in
substantial resource waste. Additionally, the European Union has set a strategic goal to
become more self-sufficient in climate technologies. Batteries play a critical role in this
transition, both for the electrification of the vehicle fleet and for broader energy system
transformation. However, Europe remains heavily dependent on China, which dominates
several stages of the battery supply chain, as well as on other geopolitically or ethically
problematic countries for raw material extraction—posing both strategic and
humanitarian risks.

By leveraging local raw material streams—whether biogenic or recycled—new process
pathways can be developed. These processes have the potential to be integrated into
existing production sites in Western Sweden. In doing so, a new technological platform



may emerge, combining the region’s strong chemical expertise with the rapidly growing
battery industry. This synergy could facilitate the storage of intermittently produced
electricity, enabling its use during periods of peak demand. The scale of the process
industry also aligns with Rivus' goal to produce their electrolyte at a cost below 1000
SEK/kWh, significantly lower than the cost of a typical lithium-ion battery on the 6-hour
scale.

Rivus batteries are metal free flow batteries. The active components in Rivus’ electrolyte
consist of organic molecules. These molecules can be produced from a variety of starting
materials, including—but not limited to—naphthalene, pyrene, dimethylamino-
propylamine, and acetone. Currently, the raw materials required for producing these
electrolyte molecules are manufactured in large volumes within the petrochemical
industry. Given that some of these substances are also presentin bio-based and recycled
material streams, it is of strategic interest to investigate which streams are available
within the West Swedish chemical cluster. Furthermore, the potential environmental
benefits of utilizing these alternative sources, compared to conventional fossil-based
feedstocks, warrant closer examination.

Aim

This study has investigated the potential starting materials and availability of these
materials for synthesizing organic electrolytes from biological or recycled feedstocks
within Sweden. The potential starting materials from biological or recycled feedstocks
have then been compared with the same starting materials from a fossil feedstock in a

comparative climate impact assessment. From this comparison, the potential of the
more sustainable feedstocks available have been evaluated.

Execution and results

The project was structured into three distinct interrelated work packages. Each package
was clearly defined in scope and objectives, contributing to a coherent overall process.

The project followed a relatively linear progression. Starting from a list of potential starting
molecules, a mapping was conducted to identify relevant material streams containing
one or more of these substances. This mapping was carried out through targeted
engagement with selected companies in mainly western Sweden and companies related
to the West Sweden chemical cluster. The aim was to identify and quantify potential
feedstock streams and assess the content of relevant raw materials in those streams.

Based on knowledge of the molecules used in Rivus’ electrolyte and their production
pathways, suitable process routes were investigated to convert mixed raw material
streams into viable electrolyte precursors. For the most promising candidates identified



within these streams, a comparative climate impact assessment will be conducted. This
evaluation will benchmark the environmental performance of these candidates against
conventionally produced chemicals.

Mapping of potential feedstock streams

The mapping of potential feedstock with organic or recycled origin was made primarily by
an interview study of relevant members of the West Sweden chemical cluster. Other
companies relevant to the production of feedstock in Sweden were also interviewed to
obtain a larger scope than mainly the west coast of Sweden. The companies interviewed
are anonymized and their technologies have been generalized so that data can't be traced
back to a specific company.

The types of chemicals that were of interest in this study were for example Polycyclic
aromatic hydrocarbons (PAH), chloride salts and diamines. Of these, most of the focus
has been on the PAH due to their high value and potential green availability.

Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) are a group of organic compounds composed
of multiple fused aromatic rings. Examples include naphthalene, acenaphthene,
acenaphthylene, and pyrene, which are potential feedstocks for Rivus’s organic
electrolyte. PAHs primarily arise as pollutants from incomplete combustion and are well-
known for their toxicity and industrial relevance. Common processes that generate PAHs
include coal pyrolysis for coke production, biomass combustion, and internal
combustion engines. The formation of tar and its PAH composition involves highly
complex chemistry, resulting in a product that is a mixture of thousands of different
compounds [1]. Purification into distinct fractions is typically achieved through

distillation.

Naphthalene Pyrene

Acenaphthene Acenaphthylene

Figure 1. Structure of the PAHSs that have been in focus in the feedstock evaluation.



Currently, PAHs such as naphthalene and pyrene are primarily produced and extracted
from coal tar, with most operations located in Southeast Asia. To enhance sustainability
and resilience, and to reduce dependence on fossil resources, it is desirable to source
these raw materials from more circular origins and to establish production within the
Nordic region or Europe. Consequently, this project focused on identifying biogenic
sources of PAHs. The main processes found to generate PAH-rich streams include
pyrolysis and gasification, as well as steam cracking. However, itis important to note that
tar formation is generally considered an undesirable byproduct in processes today, and
efforts are made to minimize it in order to maximize the availability and yield of targeted
products.

PAH-containing streams from Pyrolysis and Gasification Processes

When a solid fuel undergoes thermal conversion, the process occurs in distinct stages,
asillustrated in Figure 2. Although the figure depicts the fuel as a piece of wood, the same
steps apply to all carbon-based solid fuels. The first step is drying, which limits the fuel’s
temperature due to the energy required for vaporization. Once dried, pyrolysis—also
known as dry distillation or devolatilization—can occur, allowing the volatile components
of the biomass to transition into the gas phase. This process can take place in the absence
of oxygen but requires energy and high temperatures, typically ranging from 400 to
1000°C. The resulting gas contains methane and water, as well as a wide array of complex
hydrocarbons such as acids, alcohols, lignin monomers, tars, and more. When this gas
stream is cooled and partially condensed, the liquid phase is referred to as pyrolysis oil,
while the remaining non-condensable gases can be combusted for heat production, for
example. Pyrolysis also leaves behind a solid carbon residue, whose properties vary
depending on factors such as feedstock origin, process technology, residence time, and
temperature. In the case of biomass pyrolysis, this carbon residue is known as biochar.

For gasification of the carbon residue, high temperatures and a limited supply of oxygen
or a reactive gas—such as steam—are required. This results primarily in the formation of
CO, H,, and CO,. At these elevated temperatures, and in the presence of molecular
building blocks such as ethylene and benzene, polymerization reactions may also occur,
leading to the formation of both PAHs and soot. The final residue after gasification
consists solely of the inorganic minerals presentin the original fuel, forming ash. If oxygen
is present during these processes—as in combustion—the combustible gases from
pyrolysis and gasification are theoretically converted entirely into CO, and H,0.
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If access to oxygen

Combustion

Tar/Soot formation
by gas reactions...

Volatile

hydrocarbons

Water v Lo
pyrolysis oil
Drying Pyrolysis Gasification
~100°C ~400-1000°C >700°C
Biomass Dry Biomass Bio Char 7 o oel”  Ash

oxidation

Figure 2. General illustration of the thermal conversion process during heating of a solid fuel—here exemplified by a
piece of wood. The sequence includes drying, followed by pyrolysis, then gasification of the solid biochar, and finally—
if oxygen is present—combustion of the resulting combustible gases.

PAHs such as naphthalene and pyrene are formed during both pyrolysis and gasification,
contributing to what is commonly referred to as tars. During tar and soot formation there
are multiple reaction mechanisms that occur simultaneously. Broadly, tars can be
categorized into three groups — these are however partly overlapping:

i. Primary tars, formed during the thermal decomposition of cellulose,
hemicellulose and lignin. This group contains mainly acids, sugars, alcohols,
ketones, aldehydes, phenols and mixed oxygenates among others.

ii.  Secondary tars, forming from the reconstruction of the primary tars above 500 °C
forming phenols and olefines among others.

iii.  Tertiary tars, polymers of the molecular precursors forming a wide range of PAH
among others [2, 3].

There are therefore multiple reaction mechanisms occurring simultaneously, making
process technology, residence time, and temperature critical factors in determining the
extent of PAH formation. However, it can generally be assumed that PAH formation
increases under the following conditions [2]:

1. Prolonged availability of molecular precursors (e.g., ethylene and benzene)
2. High temperatures, typically above 800 °C but less than 1000 °C
3. Absence of catalysts that degrade PAHSs, such as calcium oxide, alkali and nickel

In pyrolysis and gasification, there are primarily six distinct methods for thermally
converting raw materials. These techniques can be further modified or operated in ways
that, for example, steer product composition (e.g. either gasification or pyrolysis),
optimize energy efficiency, or reduce by-products. The six methods are illustrated in
Figure 3. Note that the figure does not include the combustion of gases following
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pyrolysis/gasification, which is often used to achieve an autothermal process. In the
figure, A) illustrates a rotary kiln that transports the biomass forward while being heated;
heat can be provided by either combustion of gases or electric heating (smaller
applications). B) illustrates a dual fluidized bed system where heated bed material (e.g.
sand or olivine) transports heat from a combustion reactor to a gasifier unit. Also, single
fluidized bed systems exist where partial heat is provided by either external heating or
partial combustion. C) illustrates a tank concept that can be operated as a batch reactor,
where external heating converts the content. D) illustrates an updraft gasifier, known to
generate high amounts of tars. E) illustrates a downdraft gasifier where the raw gas only
passes the high-temperature zone. F) illustrates an entrained flow reactor where fine
biomass is mixed with air oxygen or steam in a high temperature cyclone-like reactor [3].
There is also techniques that uses a plasma either to remove tars or as a main heat
source, that is not illustrated in the figure since the technique is known to have very low
amounts of tars generated [4].

Combustion gases Volatile hydrocarbons,

pyrolysis oil
A) Biomass B) c)
Volatile hydrocarbons, T
pyrolysis oil

4/ Biomass

—> Bi
Fuel iomass
Volatile hydrocarbons,
Bio char pyrolysis oil
Bio chat
Bio char
i Blofass E) Biomass ) AirfOz/ - Biomass
) l l Steam
/ I\ Raw gas / '\ ( l
/D—r;n_g—_" —% 2 | N
: rying N
: Air/O,/ S
prl;’Oly%‘S Steam | Pyrolysis \ 3
. eduction ) . :
g::re/: r;/ Oxidation F(:t:iili[;n R Ra_w% §
EEEEEERER aw as

N N

Figure 3. General methods for pyrolysis and gasification, illustrated here for biomass conversion into biochar: a) Rotary
kiln (primarily used for pyrolysis), b) Dual fluidized bed system, c) Batch reactor, d) updraft gasifier, e) downdraft gasifier
and f) Entrained flow gasifier.

Generally, from these processes, it has been observed that the tar amounts are higher for
rotary kiln, fluidized bed and updraft gasifiers compared to downdraft gasifiers and
entrained flow gasifiers. However, this relation of tar yield and technology is highly
dependent on how the technology is operated. Tar yield is highly affected by e.g.
temperature, residence time, fuel and if any catalyst is presentin the unit [3].

The companies interviewed in this project utilized mainly A), B), C) and F) as their core
thermal conversion technique as the basis for their processes. The tars formed during
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these processes are handled differently depending on the company’s focus. In cases
where the primary interest lies in syngas production, PAHs tend to accumulate in a solid
residue, which is subsequently recovered for energy. In other setups, such as those
employing dual-fluidized bed systems, the fate of PAHs varies depending on the specific
application. For gasification applications, PAHs were found downstream of a scrubber,
together with solvents used during product treatment. In pyrolysis processes, PAHs were
instead found in the pyrolysis oil.

PAH-containing streams from Steam Cracking

Steam cracking is a petrochemical process in which larger organic molecules—
traditionally fossil-based alkanes—are broken down into smaller unsaturated molecules
at high temperatures in the presence of steam, e.g. butane or naphtha converted mainly
to ethene. A schematic illustration of a steam cracker is shown in Figure 4. This process
generates molecular building blocks such as ethylene and benzene, which can undergo
polymerization to form PAHs. These PAHSs are typically found in a heavy product stream
collected during the recovery of desired compounds.

I Vate

l Branngas
N Eten
Anga Propen
A
850°C
0

Branngas bbb o
H,O

SCN

Brannolja

CBFS

Figure 4. Schematic overview of the steam cracking process of naphtha at Borealis in Stenungsund [5].

Currently, the feedstock used in the steam cracker at Borealis in Stenungsund is fossil-
based. However, research is underway into steam cracking of recycled feedstocks such
as pyrolysis oil, plastics, and textiles. Depending on the material, test results have shown
relatively high concentrations of tars (PAHs) [6, 7] that could be a potential feedstock
relevant for Rivus’s application. However, tar formation is generally undesirable in steam
cracking, asitreduces the yield of target products. Therefore, process optimizations such
as selecting appropriate catalysts and tailoring the choice of feedstock—is commonly
employed to minimize tar production. Excessive tar formation can also lead to reduced
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plant availability, which is not desirable. As a result, extrapolating tar formation data from
small-scale studies to future full-scale facilities should be approached with caution [8].

Summary of potential biogenic and recycled PAH feedstock in Sweden

Based on interview responses and certain assumptions, it is possible to estimate the
potential volumes of naphthalene and pyrene that could be produced. Due to gaps in the
data provided by some interviewees, it has been assumed that the volumes are equivalent
to those of similar processes where data is available, despite differences in the
technologies used.

Table 1. Estimated amount of naphthalene and pyrene available in 2030 in south-west Sweden from different

technologies and feedstocks.

Technology
and type

Origin of
Feedstock

Estimated
total volume
of feedstock
for
distillation
2030

Estimated
amount of
Naphthalene

Estimated
amount of
Pyrene

Comments and
assumptions

Pyrolysis — Wood ~110 kt/year 14 ton/year 3,6 Distillation of pyrolysis oil
Direct chips and pyrolysis oil ton/year directly.
distillation of pellets Maximum production in
pyrolysis oil (~450 the given interval and sites
kt/year) 2030.
Gasification- Wood 350 M 2800 210 Maximum production
Tar extracted (~410 Nm34,/year ton/year ton/year facilities are estimated by
from raw gas kt/year) Raw gas 2030. PAH amount at
by scrubbers (tar scrubbed highest observed level.
consuming Assuming that all
estimated naphthalene is extracted
6200 ton from the raw gas in the
RME/year [9] scrubber. In reality, it is
and 10500 only partly removed in the
ton tars/year scrubber [9].
excluding
BTXS')
Steam Wood 110 kt/year 2000 220 Assuming that all pyrolysis
cracking - chips and pyrolysis oil ton/year ton/year oilis allocated to steam
PAH located pellets (Unknown cracking. Assuming half of
with heavy (~450 amount of the gained naphthalene
tar kt/year) heavy tar) and pyrene in relation to
tire pyrolysis oil.
Steam HDPE (Unknown 770 ton/year 37 Assuming that 20 % of
cracking - (24 kt/year amount of ton/year HDPE going out on the
PAH located HDPE) heavy tar) market [10] is recycled
with heavy using steam cracker.
tar Naphthalene and pyrene,

according to studies
operated at 850 °C.

T BTXS are the single aromatic compounds Benzene, Toluene, Xylene and Styrene. Using RME as solvent
these are not extracted in the scrubber.
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It is important to note that many of the facilities referenced in this table are not yet
constructed. The estimates should be viewed as indicative upper bounds, based on how
the technologies are currently operated. If appropriate incentives were in place, many of
these processes could likely be optimized to generate higher tar yields; however, tar
formation is currently something that operators aim to minimize. For example, in the
example with gasification it is possible to generate roughly 10 % of the amounts of tars
that were used for the calculations. In addition to the production of PAH-containing
materials, there is currently a lack of facilities dedicated to distilling PAHs for the
extraction of individual components.

Regarding acenaphthylene and acenaphthene there has been less material from the
companies interviewed. It has only been observed that pyrolysis oil studied for the first
row in Table 1 contained roughly twice the amount of acenaphthylene + acenaphthene
compared to pyrene.

Chloride salts

Chloride salts constitute animportant, though economically minor, component of Rivus’s
liquid electrolyte. For this reason, this part of the work was limited in scope, with priority
given to PAHSs.

Recovery from By-products

There are severalindustrial processes in which chloride salts are either used or generated
as by-products. Examples include metal processing, where fluxes are applied, or various
synthesis routes involving ion exchange. In processes utilizing ion exchange, it may be
possible to obtain relatively pure streams. However, no such process was identified
among the interviewed stakeholders in Sweden. Given the generally low value of chloride
salts, it is also challenging to achieve economic viability for transporting a solution that
consists mostly of water.

Recovery from Ash

Various methods are currently being developed to extract valuable materials—such as
salts—from ash. Ash is the solid residue remaining after the combustion of organic
materials such as wood or other plant matter (see Figure 2). It primarily consists of
minerals, including components of calcium, potassium, magnhesium, sulphur, and
phosphorus. The composition can vary depending on the type and origin of the material
that has been combusted.

The potential applications of ash vary depending on its origin. For example, ash can be
used as a fertilizer in agriculture, as it contributes essential nutrients to the soil. It can
also be utilized in construction materials and as a component in certain types of cement.
However, there are limitations on where and how much ash can be used, depending on
its source. For instance, ash resulting from the combustion of hazardous waste has very
limited applications and is classified as hazardous waste, primarily due to its heavy metal
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content. Currently, much of Sweden’s hazardous inorganic waste is sentto Noah’s landfill
facility at Langgya in Norway, where it is encapsulated in gypsum. This method is costly,
and the facility is nearing capacity, with no plans or interest in establishing a new
hazardous waste landfill [11].

There are both economic and societal benefits to reducing the volume of hazardous
waste and recovering critical substances from it. Several companies are engaged in such
recovery efforts, often with a focus on extracting phosphorus. Others aim primarily to
reduce ash volumes destined for landfill by leaching out heavy metals. These types of
leachates may contain relevant amounts of CaCl,, and sometimes NaCl as well.
However, separating these highly soluble salts can be very costly. Therefore, it is
necessary to first investigate the sensitivity of Rivus’s electrolyte to the presence of other
salts.

Diamines

Diamines such as DMAPA, DEAPA, and dimethylamine are not typically found in industrial
waste streams today; instead, they are produced in large volumes, primarily for surfactant
manufacturing. The focus of this project was therefore on how these compounds could
be produced more sustainably. Major chemical companies use various certification
systems—such as carbon balance certification—to verify that a certain share of their
feedstockis renewable. This enables increased volumes of renewable content in product
streams that are easier to substitute, without requiring separate production lines for fossil
and biogenic sources.

Based on the interviews, the main limitation is not the availability of biogenic carbon, but
rather the willingness of industries to purchase it. Customers (i.e., industrial buyers) are
highly price-sensitive, especially given that they often face global competition.

Discussion regarding feedstock

This section primarily focuses on the perspective of PAHs rather than chlorides or
diaminesinthe feed streams. However, many of the discussion points can also be applied
to the other feed streams.

Based on Table 1, there appears to be some potential for extracting valuable PAH
molecules, particularly from gasification tar and/or the heavy product stream from steam
cracking. However, the volumes remain relatively low and are subject to significant
uncertainty. This uncertainty exists on multiple levels and can be categorized along a

»

figurative value chain (see Figure 5). In this discussion, the term “tar” is used
interchangeably to refer to tar from gasification and the PAH-rich stream from steam

crackers.

The main uncertainties in the PAH feedstock production part of the value chain include,
among other things, the question: how much tar is desirable to produce? Tar is known to

16



be problematic in production units, as it consists of condensable particles that can
crystallize on heat transfer surfaces or clog filters and pipes. Depending on the
gasification technology, various measures can be taken to reduce tar formation, such as
adding catalysts or adjusting operational parameters like temperature or residence time.

The key questionis: how do these changes affect the production of the main product? For
example, does anincreased taryield negatively impact on the price, volume, carbonyield,
or overall efficiency of the main product (assuming the main product is not tar)? If tar is
considered a low-value by-product, its availability will be limited by the demand for the
main product, and its yield will likely be minimized to optimize the main product.
However, if tar can be considered a high-value by-product, measures to increase its yield
might be justified. This remains uncertain today, as does the number of tar-producing
facilities that will be operational in the future.

PAH containing ..
feed O O

Company Company Company
AB,C.. R S

Tar producers Refining Synthesis

¥ N

Main Product Co-product? Rivus target
moelcule

Figure 5. Figurative value chain for the synthesis of organic electrolyte bases on tars

If PAH-containing feed streams are to be utilized, a dedicated facility or company must
exist to refine these streams and extract the relevant molecules for synthesis. Currently,
no such company ("Company R") is known to handle these types of complex biogenic
feedstocks and extract the PAHs of interest in this study.

Given the variability of PAH-containing feed, itis evident that such a facility must be highly
flexible in terms of feedstock compatibility to ensure sufficient volume and supply
security. Interviews revealed that the physical state of PAH waste streams varies
significantly depending on the production technology. For example, PAHs may be
dissolved in RME, present in heavy fractions from steam cracking, or exist as solid
residues mixed with soot. This diversity implies that the refinery would require extensive
preprocessing capabilities to manage a large variety of feed from multiple sources. If only
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one source stream is prioritized, is the volume sufficient to achieve economies of scale
compared to a multi-source facility?

The extraction of PAHs for use in organic electrolytes will inevitably generate one or more
streams of other compounds and potential co-products. To ensure economic viability, the
facility must be able to generate value from more than just a small fraction of the feed,
especially since the products are not—and cannot—be priced as specialty chemicals.
Therefore, further investigation is needed into what other valuable compounds could be
extracted from tar streams. This includes assessing both the market value and future
demand of these components, as well as understanding which fractions cannot be
valorized.

Once the PAH components are extracted, they must be synthesized into the target
molecule for Rivus. This is considered the least problematic part of the value chain, as
relevant industrial processes already exist. The molecules themselves are conventional,
differing only in their organic origin and trace impurities. Here, the focus should be on
evaluating the process routes, which are discussed in the next section.

In summary, the situation for both PAHs and chloride salts aligns with a key insight from
the interviews regarding diamines: the main limitation may not be the availability of
biogenic or recycled carbon feedstock, but rather the willingness of industry to adopt it.
This brings into focus the role of legislation, politics, and customer preferences. Are
regulations designed to mandate or incentivize the use of green/recycled feedstocks in
industry? Is the political climate stable and supportive of laws that promote a higher
content of green/recycled inputs in industries that are working in a global economy? Are
customers willing to pay a premium for products based on green/recycled feedstocks,
thereby encouraging companies to invest in these technologies?

Process routes to naphthalenetetracarboxylic acid (NTCA)

The text is divided into sections based on starting material. The starting materials were
chosen based on their suitability to engage in a final oxidation step that yields NTCA. Of
the available oxidation methods, an Amoco-type process (Figure 6) appears to be the
most likely candidate as it is used not only to produce NTCA from pyrene and
acenaphthene but also for terephthalic acid from p-xylene. The Amoco process is a very
large volume (50 Mton/year) process characterized by a rare case of a homogenous, liquid
phase air oxidation process, catalyzed by mainly Co and Mn with bromide as additive.
Some intermediates related to NTCA appear to require slightly different reaction
conditions, such as HNO; as additive instead of bromide normally used in the oxidation
of alkylaromatics. [12]
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Figure 6. Naphthalenetetracarboxylic acid (NTCA), a precursor to Rivus’electrolyte, here from a tetramethylsubstituted
naphthalene.

Most of the information has been compiled from patents and yields and number of
solvents and reagents has been included when such information is available.
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Figure 7. Starting materials for NTCA

A survey of the literature reveals that the availability of the starting materials in Figure 7
varies; some do not exist on the commercial market, and some serve as intermediates
from lengthier routes. Of the one depicted, naphthaleneis by far the most widely available
but requires several additional chemical steps to make NTCA.

The indicative price of naphthalene is around $1/kg and approximately three times that
for acenaphthene. Pyrene is traded for around $12/kg. The available quantities of these
compounds are, however, unknown.
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Naphthalene

No known commercial process exists that uses naphthalene to make NTCA directly,
although there are Chinese patents that apparently utilizes naphthalene: Sinosteel
reports the use of naphthalene and CO; for a direct carboxylation strategy using Pd
catalysis [13]. This however has proven difficult to reproduce. Protocols exist that use CO,
and Pd catalysis for aromatic carboxylation [14] but appear to be more complicated.
Napthalene can however be used to make acenaphtene derivatives that is useful for the
same type of chemistry developed for this compound (Scheme 1) and a Chinese patent
has described the double addition of oxalyl chloride to yield the tetrone (Scheme 2) that
can be used in a final oxidation step to NTCA[15].

HO O‘l‘
»~

Scheme 1. Addition of chloroacetic acid to naphtalene.

HOOC COOH

HOOC COOH

Scheme 2. Double addition of oxalyl chloride.

In the primary literature there are examples on formylation and carboxylation of the
naphthalene using palladium catalysis that may be used to synthesize interesting starting
materials [16]:

HOOC COOH
CO =
omdant
Scheme 3. Formylation and in situ oxidation.

There are also reports on direct, Lewis acid mediated, direct carboxylations using CO,;
Miyano et al published a protocol using 2 molar equivalents of AlBr; under 30 bar CO; that
yielded naphthalene carboxylic acid [17]. Hattori published similar results using
aluminum and silicon-based catalysts that yielded the naphtoic acid in excellent yields
[18].
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Scheme 4. Lewis acid mediated carboxylation of the naphthalene nucleus.

Itis unclear whether this methodology can be expanded to yield napthalic acid.

Potentially, naphtalic acid (and the 1,8-anhydride) could participate in a Henkel reaction
using CO; as the carboxylating agent, unfortunately using heterogenous cadmium salts
as catalysts [19]. Other works have, however, explored the use of zinc salts in similar
reactions, offering a potentially benign catalyst [20].

HO,C CO.H HO,C  COoH
CY = O
OO Cd-salt

O,H CO,H

Scheme 5. The Henkel reaction.

Acenapthylene and acenaphtene

These are isolated from high temperature coal tar, available in less than 1%. Industrial use
is mainly to produce dyes and optical brighteners. There are reports on the synthesis of
acenaphtene from naphthalene, notably by Berthelot [21] using acetylene, while more
recent efforts [22] describe a computational study that examines the reactivity. No record
of a commercial process has been found using this method.

Acenaphtene

Several occurrences in the patent literature and apparently a starting material for
manufacturers of NTCA using Friedel-Crafts chemistry with oxalyl chloride or carbamoyl
chloride followed by oxidation. This has been described in RISE report 23REP0403 and not
much effort has been invested in this topic. It is also the strategy adopted by a
manufacturer currently in contact with Rivus:
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Product name: 1,4,5,8-naphthalenetetracarboxylic acid cas#128-97-2

Process:
Chlorobenzene+
) . Sulfuric acid
Dimethylcarbamoyl chloride ‘T
Condensation | Washing hydrolyzation
Acenaphthene+
Aluminum chloride
Decolorization
Oxidation Acidification Crystallization
— _—
Drying
Final product

Two patents [23, 24] describe the reaction between acenaphtylene and malodinitrile
using either ALCl; or BF; as Lewis acid catalyst:

o.__0__0

Ny o Cr
OO LeW|s acid O‘O
HN NH O O O

Scheme 6. Condensation of acenapthylene and malodinitrile.

In the patents the final oxidation is achieved using KMnO4 and oxygen, again suggesting
that this is a feasible substrate for a more scalable oxidation process of the Amoco type
Furthermore, the use of malodinitrile is potentially a better route than using oxalyl
chloride or carbamoyl chloride due to less problems with effluents given that a better
catalyst can be found that avoids the use of superstochiometric amount of metal salts.

Hoechst has patented a route using NaOCN and HF [25], which is an equally attractive
route as HF can be recycled, and sodium cyanate is less costly than malononitrile
(Scheme 7).

. NaOCN OO O O
OO HF anhyd

O~ "N~ >0
H

0~ ~0” ~0

Scheme 7. Use of anhydrous HF as a reaction medium and reagent.
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Another process described by Aniline Works Inc. using succinic anhydride (Scheme 8)
was disclosed in two patents, reacting equal weight of naphatlene with succinic
anhydride with twice the weight of AICL; in nitrobenzene (10 volumes). Yields were not
described [26]. The resulting 1,4-diketone was oxidized to NTCA using NaCr,0O- in sulfuric
acid. As an indication, a recent patent to Clariant Plastics & Coatings Ltd.) reports a 50 %
yield for the first Friedel-Crafts step [27].

(@) O (@)
0 »
() AC
DORES; ) — O
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Scheme 8. Friedel-Crafts type chemistry using succinic anhydride as formylation reagent.

Acenaphtylene

Fewer occurrences use acenapthylene (likely due to being scarcer) as a starting material,
it is however easily converted to acenapthene if needed.

A patent to Bayer [28] describes the use of formamide and sulfuric acid to form an
intermediate useful engaging in a final oxidation step to afford the tetraacid.

() ()
OO 66% O T OO

oCH,N  'NH,CO 0~ 0" ™0

o._.0__0

Scheme 9. Formamidation of acenapthylene.

Pyrene

Pyrene was used by Hoechst [29] in their process for making NTCA. The preparation of
NTCA from pyrene requires a halogenation step to form the tetrahalopyrene, either
chlorine or bromide, and this is converted into the pyrenetetrone by oxidative
dehalogenation in oleum.

Cl Cl o) O] o.__0__.0
- Oleum HNO; OO
‘ Cl ! Cl ) @) 0~ ~0” =0

Scheme 10. The Hoechst route to NTCA. Bromine can be used instead of chlorine.
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The yield is approximately 50 % relative to the pyrene and requires ~1850 kg oleum per
100kg product produced, thus generating large amounts of waste. The final oxidation step
has been performed with different oxidants.

A slightly different route is described that avoids chloride or bromine in a patentissued to
Ruckwerke AG [30] that goes through a quinone intermediate:

0 o)
c:ro3 ‘ ‘ NaOCl
O H202 ‘
0 o)

Scheme 11. Direct oxidation of pyrene with alternative oxidants.

Yields are reported to be approx. 80 % in each step, making it roughly as efficient as the
halogen route, albeit with simpler reagents. In its original manifestation, the reactions
were performed in water, to improve this it is likely wise to evaluate phase transfer
catalysis.

5,6-dimethylacenapthylene and 5,6-dimethylacenapthene

No routes describing these two starting materials have been found and no preparation of
NTCA using these have been described except Sumiko’s process [31] (see below) where
6 is formed as a byproduct, but as this yields NTCA upon oxidation it is not treated
separately.

Tetramethylnaphthalene

No natural sources have been identified. Sumiko chemicals have issued a patent
describing the use of 2-ethylxylene and butadiene as starting materials for a lengthy route
to NTCA. Itis unclear whether 2-ethylxylene is a widely available material, it likely comes
from coal tar distillation.

1. Na/K cat X OO
NF
e

In addition, one route has been found in the primary literature describing a Diels Alder

Scheme 12.

type process from dimethylfuran.
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Scheme 13.

Cyclopentacenatphene, tetrahydrocyclopentacenaphtene and hexahydro-
pyrene (8, 9 and 10)

None of these have been used in the production of NTCA, 8,9 only display a few records
in CAS, 10 have been synthesized from pyrene using catalytic hydrogenation.

Industrial and scale-up considerations

The required production (10-30kton/yr) of NTCA falls within the fine chemicals segment
(i.e., relatively low volumes of high purity and high-added-value) when considering the
price and characteristics of both route and final purity of the material in question.

To produce fine chemicals in high volumes, several factors must be taken into account:
length of the synthetic route, availability of raw materials, yield and selectivity, reaction
conditions and handling of effluents. Of these, the last pointis of high importance as this
subject has become very sensitive in Europe. To overcome these obstacles, it is likely of
value to evaluate more modern chemistry such as replacing AlCl;-mediated Freidel-Craft
alkylations with a Zeolite-based process.

The production of NTCA is problematic in that existing procedures require the use of
stochiometric reagents, either ALCLls;, chlorine/bromine or HF. This poses severe problems
for large-scale production as current environmental legislation restricts these types of
emissions. Both hydrofluoric acid and aluminium chloride are tightly linked together in
the sense that both come from aluminium production, where fluoride (from fluorapatite)
is used to make sodium aluminium fluoride, which in turn is used as a flux for bauxite
electrolysis. Furthermore, the electrodes used in this type of operationis fabricated using
coal and coal tar pitch as a binder — which in turn is the residual stream remaining after
coal tar upgrading to, among others, the first for entries in Figure 7.

Separation techniques

Thermal and chemical properties are scarce, the only recorded data that was found was
the melting point of the anhydride (450 °C with sublimation) and 310°C for the tetraacid.
The melting points are high, but the indication from one of the references that the
anhydride sublimates may allow for using vacuum sublimation as a purification strategy
[32]. LIST Technology (Schweiz) specializes on high volume, continuous sublimation
equipment [33]. Most likely, in the form of tetraacid crystallization is the best choice.
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The 1,8-monoanhydride has been described in detail by Hoechst and its purification was
performed in the form of the tetraalkali salt [34]. This was dissolved in water and pH was
adjusted to 4-5 at which it was clarified at 45 °C followed by precipitation of the dialkali
salt at 4-5°C.

ONa ONa
o_ 0O__0O
(@) o_ O ol L o
| NN
N
O (@) 00— —O0 (0] (0]
OH OH ONa ONa ONa ONa

Scheme 14

The tetramethylester melts with sublimation at 200°C making it another interesting
alternative that possibly also can be distilled or vacuum sublimated the same way that
terephtalic acid dimethylester has been purified.

Depending on subsequent steps to the final electrolyte molecule, final purification can
be performed in the last steps. This, however, requires a more in-depth analysis of
potential by-products that can arise from chemical steps upstream.

Summary process routes

The report investigates synthetic routes to naphthalenetetracarboxylic acid (NTCA),
focusing on available starting materials, industrial feasibility, and process
considerations. Starting materials for intermediates that can be oxidized to NTCA:

Naphthalene: Widely available (~$1/kg) but requires multiple steps. Direct CO,
carboxylation has been reported but is difficult to reproduce. Alternative formylation and
carboxylation methods exist but lack scalability.

Acenaphthene/Acenaphthylene: Derived from coal tar (<1%). Several patented routes
exist e.g., Friedel-Crafts with oxalyl chloride or malononitrile, or related chemistry
involving HF/NaOCN orsuccinic anhydride are also described.

Pyrene: Previously used industrially, involving halogenation and oxidative dehalogenation
in oleum (high waste, ~50% vyield). Alternative quinone routes (~80% yield) may be more
attractive but require more development.

The Amoco-type oxidation process (Co/Mn catalysts with bromide) is identified as the
most viable though some intermediates and starting materials can potentially allow for
the use of hydrogen peroxide and sodium hypochlorite.

The targeted production (10-30 kton/yr) falls in the fine chemicals segment. Major issues
include reliance on stoichiometric reagents (AlCl;, halogens, HF), which conflict with

26



environmentalregulations. Alternatives to stoichiometric reagents, such as zeolite-based
catalysis, could mitigate these problems.

Data on separation and purification are limited, but potential methods include vacuum
sublimation (tetraacid or esters) or crystallization of salts. These approaches could
parallel methods used in terephthalic acid purification.

To conclude, NTCA production faces challenges in raw material availability, scalability,
and environmental compliance. More sustainable catalytic methods and improved
purification techniques are needed to make large-scale production feasible.

Climate Impact assessment

The transition to renewable energy systems requires large-scale and sustainable energy-
storage solutions that can balance the intermittency of wind and solar power. Rivus
Batteries develops water-based organic flow batteries, a technology that avoids critical
metals such as lithium and vanadium while enabling safe, long-duration storage of
renewable electricity.

At the core of these batteries are organic electrolytes, where the RIVUS target molecule
serves as one of the key redox-active materials. The RIVUS target molecule belongs to the
family of aromatic diimides, a group of compounds extensively studied for organic
electronics and redox-flow battery applications. Their conjugated aromatic backbone
provides reversible two-electron redox behaviour and long-term electrochemical stability
in aqueous systems. These properties make the RIVUS target molecule particularly
suitable as a catholyte or anolyte component in flow batteries, offering a combination of
low toxicity, high reversibility, and scalability that is uncommon among metal-based
alternatives [35].

However, currentindustrial routes to the RIVUS target molecule rely almost exclusively on
coal-tar-derived aromatics, such as naphthalene, acenaphthene, and pyrene, which are
produced as by-products of metallurgical coke production. This fossil-based supply
chain is energy-intensive, emits significant greenhouse gases (GHGs), and is
geographically concentrated in Asia, leading to long transport distances and limited
supply transparency. As Rivus moves toward establishing a circular and regional
electrolyte value chain in Sweden, it becomes essential to evaluate alternative
feedstocks and production routes that can lower both environmental and geopolitical
risks.

In the mapping of potential biogenic feedstocks for electrolyte precursors in this study, it
was observed that significant amounts of PAH could potentially be obtained from planned
by-product streams. If these residues can be valorised, they could provide a biogenic,
low-carbon source of aromatic intermediates, aligning with the project’s goals of
resource circularity and fossil-independence. To substantiate this potential, a
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comparative LCA approach has been undertaken to quantify and compare the cradle-to-
gate climate impacts of RIVUS target molecule production through two supply routes:

- Areference system based on fossil coal tar
- An alternative system based on biomass-derived tar, currently generated as a
waste stream during biocarbon production via biomass gasification or pyrolysis.

This study demonstrates the potential of waste bio-tar from gasification to be valorised
into aromatic intermediates suitable for producing the RIVUS target molecule, offering a
lower climate impact compared to conventional coal-tar-based routes. While the results
confirm significant GHG reduction potential under the assessed conditions, further work
is needed to validate process performance and recovery efficiency on an industrial scale.

Overview of the RIVUS Target Molecule Production Chain

The environmental footprint of RIVUS target molecule production is closely linked to the
efficiency of each conversion stage along its process chain. Variations in feedstock
composition, tar recovery, and PAH separation directly influence both material use and
greenhouse gas emissions. The subsequent section describes these key transformation
stages and summarizes the typical yields governing the target molecule synthesis
efficiency. The overall efficiency of the target molecule production depends on the
conversion yields at three key stages:

1. Tar formation from feedstock,
2. PAH yield within the tar fraction, and
3. Target molecule synthesis yield from specific PAH intermediates.

These yields differ markedly between the coal-derived and biomass-derived systems due
to feedstock composition, processing temperature, and aromatic content. In
conventional coke oven operation, coal tar is obtained as a by-product during
carbonization at 1000-1200 °C. Typical yields range from 3-5 wt. % of the coal input,
depending on coal rank and volatile matter content. The tar comprises a highly aromatic
mixture with a carbon content exceeding 90 %, dominated by polycyclic aromatic hydro-
carbons (PAHs) and their alkyl derivatives [36].

By contrast, bio-tar generated during biomass pyrolysis or gasification is substantially
richer in oxygenates (phenolics, furans, aldehydes, and carboxylic compounds).
Depending on reactor type and operating conditions (typically 500-800 °C), yields range
between 5-15 wt% of the biomass feedstock, which is notably higher than the tar yield
from the fossil route [37]. However, this higher quantity does not translate into higher PAH
availability. Bio-tar contains significantly fewer condensed aromatic structures, resulting
in a lower concentration of valuable PAH compounds per kilogram of tar. In other words,
while the biomass route produces more tar overall, its chemical quality for PAH recovery
is inferior, owing to the higher oxygen content and lower aromaticity of the feedstock.
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These differences stem from the inherent structural contrast between the parent
materials: coal’s aromatic macromolecular matrix favors PAH polymerization upon
thermal cracking, whereas lignocellulosic biomass primarily yields lighter, oxygenated
fragments [38, 39]. Consequently, the concentration of target PAHs, naphthalene,
acenaphthene, and pyrene, varies substantially between coal and biomass tars (Table 2).

Table 2. The concentration of target PAHs—naphthalene, acenaphthene, and pyrene in coal tar and bio-tar.

Tar yield Naphthalene (wt%) Acenaphthene (wt%) Pyrene (wt%)
Coal tar! 3-5% 8-12 0.5-2 0.3-1
Bio-tar? 5-10% 0.5-2 0.05-0.5 0.01-0.1
1. [40]
2. [41,42]

Life cycle assessment

Life Cycle Assessment (LCA) is a standardized methodology used to quantify the
environmental impacts of a product, process, or system throughout its life cycle. It
provides a systematic framework for evaluating resource use, emissions, and potential
environmental burdens from raw material extraction to the final product stage. By
identifying key impact sources and comparing alternative production routes, LCA
supports evidence-based decision-making toward more sustainable technologies.

The overall goal of this Life Cycle Assessment (LCA) is to evaluate and compare the
environmental performance of two alternative production routes for the target molecule,
a key redox-active material used in Rivus’s organic flow battery electrolytes. The study
aims to provide a scientific basis forunderstanding the climate implications of using fossil
coal-tar-derived versus biomass-tar-derived RIVUS target molecules. The specific
objectives of the study are to:

1. Quantify and compare the cradle-to-gate greenhouse gas (GHG) emissions of
RIVUS target molecule.

2. ldentify key climate hotspots within each production chain, with a focus on tar
recovery, PAH extraction and target molecule synthesis.

2. Assess the potential climate benefits of substituting imported fossil-based target
molecule with a locally produced, biomass-based alternative.

3. Explore methodological sensitivities, including allocation approaches (economic
vs. mass), and PAH recovery to evaluate their influence on overall results.

4. Contribute scientific evidence supporting the transition toward sustainable and
low-carbon supply routes for the target molecule within Sweden’s emerging
circular industrial ecosystem.
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Goal and Scope Definition

The method follows the international standards ISO 14040 and ISO 14044 and typically
includes four phases: (1) goal and scope definition, (2) life cycle inventory (LCI), (3) life
cycle impact assessment (LCIA), and (4) interpretation. The purpose of this Life Cycle
Assessment (LCA) is to evaluate and compare the climate impacts associated with
producing the target molecule through two distinct supply routes. The study supports
decision-making within the Rivus project framework (AP3 - Klimatvéardering) by identifying
opportunities to reduce greenhouse gas (GHG) emissions, improve resource efficiency,
and promote circular use of industrial side-streams. The specific objective is to quantify
and compare the cradle-to-gate climate impacts of the following two production routes:

e Reference scenario (fossil-based route) - Conventional production of the target
molecule from coal-derived tar obtained as a by-product of coke oven
carbonization in China, followed by transport and import to Sweden.

e Alternative scenario (biomass-based route) — Local production of the target
molecule in Sweden by valorising tar generated as a waste stream during the
gasification of waste wood pallets (biomass)

Through this comparison, the assessment aims to explore the potential climate impacts
of replacing imported fossil-based target molecules with a circular, biomass-derived
alternative.

The scope of this Life Cycle Assessment (LCA) encompasses all processes from raw
material acquisition up to the point where one kilogram of the target molecule is delivered
to Rivus. The assessment therefore adopts a cradle-to-gate perspective, including all
upstream and intermediate operations such as tar recovery and separation, polycyclic
aromatic hydrocarbon (PAH) extraction, target molecule synthesis, and transport
between process stages. Emissions from electricity, steam, and fuel use are included
according to their respective life-cycle profiles. In line with standard LCA practice, the
biogenic carbon contained in the bio-based routes is assumed to be carbon-neutral, i.e.,
CO, released during processing or combustion of bio-derived materials is balanced by
CO, absorbed during biomass growth. Consequently, the reported climate impact for bio-
based routes excludes biogenic CO,, capturing only fossil-derived and process-related
greenhouse gas emissions.
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The functional unit (FU) for the study is defined as one kilogram of the target molecule
delivered to Rivus. This functional unit serves as the reference basis for quantifying energy
and material inputs, emissions, and resulting environmental impacts across both the
fossil-based and biomass-based production routes. All results are expressed relative to
this unit to ensure a consistent and meaningful comparison between the two systems.

Background data are drawn primarily from ecoinvent v3.11 and GaBi databases, while
process-specific information is derived from scientific literature, patents and industrial
partner inputs.

System boundaries:

In conventional coke-oven operations, coal tar is generated as a valuable co-product,
intentionally recovered and refined for use in the chemical industry. In contrast, bio-tar
produced during biomass gasification or pyrolysis is considered a low-value side stream
or waste, typically combusted for energy recovery or disposal. Accordingly, in this
assessment, the coal-tar route is modelled as a co-product system, while the bio-tar
route is treated as a waste stream with no upstream environmental burdens [43, 44].
Excluded processes include capital goods, end-of-life treatment of the target molecule,
and infrastructure construction. The following life cycle stages are included Figure 8,
Figure 9, Table 3:

Tar recovery and separation

e Forthefossil-based scenario: recovery of coal tar as a co-product from coke-oven
gas cooling during metallurgical coke production.

e For the biomass-based scenario: collection of bio-tar as a side stream from
biomass gasification or pyrolysis, followed by water scrubbing and centrifugation
for tar separation.

PAH extraction and purification — Separation of naphthalene, acenaphthene, and
pyrene from the tar fraction using solvent extraction and fractional distillation.

Target molecule synthesis — Conversion of purified PAHs to their corresponding
anhydride intermediates and subsequent imidation to form the RIVUS target molecule.
Transport and distribution — Shipment of the final product from the production site
(China for the fossil-based scenario or Sweden for the bio-based scenario) to its point
of use.
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Table 3. System boundaries and functional unit. Overview of included and excluded life cycle processes for both

scenarios.

Functional Unit
System Boundary Type

Feedstock acquisition

Tar recovery and separation

PAH extraction

Transport

Infrastructure / Capital goods

End-of-life of target molecule

Allocation Procedures

Reference Scenario (Coal-tar
based target molecule,

imported from China)

1 kg RIVUS target molecule
Cradle-to-Gate

Coal mining and coking in China

Cooling of coke oven gas > coal
tar distillation

Solvent extraction and
fractionation

China > Sweden (sea), domestic
truck transport

Not modelled

Not modelled

Alternative Scenario (Bio-tar based
target molecule, Swedish
production)

1 kg RIVUS target molecule

Cradle-to-Gate

Gasification/pyrolysis of waste wood
pallets in Sweden

Condensation of syngas - bio-tar
recovery

Water and centrifuging

Domestic truck transport

Not modelled

Not modelled

Allocation plays a crucial role in Life Cycle Assessment (LCA) when multiple valuable
outputs are generated within the same process system. Because the environmental
burdens from shared operations must be distributed among these co-products in a

transparent and consistent way, the choice of allocation method can substantially
influence the results. In this study, allocation principles are tested to ensure fair
representation of both fossil-based and biomass-based production systems, reflecting

their differing economic and physical characteristics Table 4.
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Process

Table 4. Data Sources and allocation methods.

Dataset / Source

Database
Version

Allocation
Method

Fossil tar
production

Solvent
(fossil)

Bio-tar
recovery

PAH
extraction in
fossil-based
route

PAH
extraction in
biomass-
based route

Transport

Coke production,
transforming

Toluene production

Contact with
Industry
partner/literature /
patents

Coal tar distillation”

Contact with
Industry
partner/literature /
patents

Transport, ocean
freight + Transport,
lorry 16-32t

ecoinventv3.11

ecoinventv3.11

GaBi 2024

GaBi 2024

ecoinventv3.11

Mass allocation

Cut-off

Mass
allocation/econom
ic allocation (in
sensitivity
analysis)

Mass
allocation/econom
ic allocation (in
sensitivity
analysis)

Intended applications and decision context

Includes tar as by-productin
metallurgical coke
production.

For fossil scenario

Treated as waste valorisation

Adjusted foryield differences

Adjusted foryield differences

Distance: China-Sweden +
domestic

This LCA is designed not only to quantify environmental impacts but also to support
strategic decision-making within the Rivus framework (AP3 — Klimatvérdering) and the
broader CEROF initiative. By providing transparent and comparative data, the study helps
identify where interventions in the target molecule value chain can deliver the greatest
climate and resource benefits. The assessment outcomes are intended to guide future
process optimization, feedstock selection, and investment decisions for scaling up
sustainable target molecule production in Sweden. The results of this assessment will be
used to:

e Quantify cradle-to-gate GHG emissions for fossil and biomass-based routes.

e |dentify major environmental hotspots along each production chain.

e Evaluate the potential climate benefits of converting waste-tar into a valuable
intermediate instead of treating it as waste.

e Examine the influence of key parameters (allocation method, PAH yield) through
sensitivity analyses.
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Climate impact Results

The life cycle assessment results presented in this section compare the cradle-to-gate
climate impacts of target molecule production via different precursor routes and
feedstock sources. The assessment focuses on the contribution of naphthalene-,
acenaphthene-, and pyrene-based routes, representing light, medium, and heavy PAHs
respectively. Each route has been modeled for both the fossil coal-based and biomass-
based systems under consistent methodological assumptions.

The results are expressed as Global Warming Potential (GWP, kg CO, eq per kg target
molecule and follow the mass allocation approach applied to co-products in the coking
and gasification/pyrolysis stages. The comparison highlights the influence tar yield from
different feedstock and PAH yield distribution on the overall climate impact of the target
molecule production, illustrating how differences in tar composition, recovery efficiency,
and process energy requirements drive the relative performance of the fossil and
biomass-based routes.

Recent tar analyses from the biomass gasification process indicate that approximately
half of the total solid reject stream consists of soot, while the remaining organic tar
fraction contains high proportions of polycyclic aromatic hydrocarbons (PAHs). Within
this organic fraction, naphthalene accounts for about 45.7 wt. %, acenaphthene for 18.7
wt. %, and pyrene for 7.6 wt. %. When normalised to the total biomass input, this
corresponds to approximate yields of 6.9 g naphthalene, 2.8 g acenaphthene, and 1.1 g
pyrene per kg biomass, based on data provided directly by industry partner. Using these
experimentally derived yields and the corresponding conversion efficiencies to
naphthalene tetracarboxylic anhydride (NTCA) and finally to the target molecule the
overall material requirements were recalculated for each PAH route.

Comparison of PAH yields from coal- and biomass-derived feedstocks

To evaluate the potential of biomass as a sustainable replacement for fossil feedstocks
in RIVUS target molecule production, the yields of key polycyclic aromatic hydrocarbons
(PAHs) were compared between conventional coal-tar distillation and the biomass-tar
fraction obtained from the gasification process. Table 5 summarises the resulting yields
of naphthalene, acenaphthene and pyrene per kilogram of feedstock, derived from
industrial partner contacts and literature data [43, 44]. Table 5 shows the Comparative
characteristics of PAH profiles in coal- and biomass-derived tar. Table 6. Compares
characteristics of PAHs in coal- and biomass-based feedstock.
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Table 5. Polycyclic Aromatic Hydrocarbon (PAH) yields from different feedstocks.

PAH compound Coal-based Biomass- Comment / Source note
feedstock based

Feedstock feedstock
(kg/kg coal) (kg/kg

biomass)
Naphthalene 0.005 0.005 Coal tar ~ 10 wt% naphthalene at 5% tar yield > 0.005
Bio-tar measured~ 17 wt% naphthalene in 3% tar > 0.005
Acenaphthene 0.005 0.0027 Coal tar~10 wt% at 5% tar yield > 0.005
Bio-tar ~ 8.7 wt% in 3% tar > 0.0027
Pyrene 0.00025 0.0009 Coal tar ~0.5 wt% at5% tar yield > 0.00025

Bio-tar ~3 wt% in 3% tar > 0.0009

Table 6. Comparative characteristics of PAH profiles in coal- and biomass-derived tar.

Aspect Observation

Overall PAH richness Biomass tar in this study is more concentrated in PAHs per kg feedstock than typical
coaltar, mainly due to high-temperature gasification producing a highly aromatic reject
stream.

Dominant compound Naphthalene dominates both sources (~70-80 % of total PAHSs).

Relative order (by yield) Naphthalene > Acenaphthene > Pyrene same pattern in both fossil based scenario

and biomass based scenario

Main difference between The key distinction lies in the chemical composition and degree of oxygenation. Coal

coal tar and biomass tar tar is a fully fossil-derived, highly condensed aromatic matrix rich in stable PAHs and
pitch precursors. In contrast, biomass tar contains a mixture of oxygenated aromatics
(phenolics, furans, aldehydes) together with PAHSs, reflecting the lignocellulosic origin
of the feedstock. As a result, biomass tar is generally less graphitisable and chemically
less stable, though it can contain a higher proportion of lighter PAHs such as
naphthalene.

The comparison highlights several key insights into the composition and potential of the
two feedstock routes:

e Aromatic yield: On a feedstock basis, the analysed biomass-tar stream provides
comparable or slightly higher yields of key PAHs than conventional coal tar,
despite being derived from renewable carbon. This reflects the high-temperature
gasification conditions that promote secondary cracking and aromatisation
reactions, enriching the tar in light PAHs such as naphthalene.

e Composition hierarchy: In both systems, naphthalene is the dominant compound,
followed by acenaphthene and pyrene, indicating similar aromatic condensation
pathways regardless of feedstock origin.

e Chemical distinction: While coal tar consists of a fully aromatic and oxygen-poor
matrix, biomass tar retains a higher content of oxygenated aromatics (e.g.,
phenolics, furans), reflecting its lignocellulosic origin. This compositional
difference affects both chemical stability and downstream upgrading potential.
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e Process implication: Since PAH composition governs conversion efficiency to the
RIVUS target molecule, the higher naphthalene fraction in the biomass-tar
represents a favourable feature for renewable-based production routes.

e Strategic relevance: Overall, the results indicate that biomass-derived tar,
currently managed as a low-value side stream, could be valorised as a viable
secondary feedstock for aromatic intermediates, thereby supporting a gradual
transition from fossil to circular, bio-based chemical supply chains.

Conversion efficiency from biomass to target molecules

Using the measured PAH yields from the bio-tar fraction, the overall conversion efficiency
from biomass feedstock to the final target molecule was quantified for the three
individual PAH routes: naphthalene, acenaphthene and pyrene. The table below
summarises the corresponding material requirements per functional unit of 1 kg target
product Table 7 and Table 8.

Table 7. Biomass input, PAH yield, and conversion efficiency for production of 1 kg RIVUS target molecule via
naphthalene, acenaphthene, and pyrene routes.

Stage Parameter Naphthalene Acenaphthene Pyrene
route route route
Biomass input (kg) 286 364 10 000
PAH yield from biomass (kg/kg) 0.005 0.005 0.0002
PAH mass required for 1 kg target molecule (kg) 1.43 1.82 2.50
Conversion efficiency to target molecule % 70 % 55 % 40 %
Target molecule output (FU) kg 1.0 1.0 1.0

Table 8. Coal input, PAH yield, and conversion efficiency for production of 1 kg RIVUS target molecule via naphthalene,
acenaphthene, and pyrene routes.

Parameter Naphthalene Acenaphthene Pyrene route

route route

Coalinput (kg) 286 674 2778
PAH yield from coal (kg/kg) 0.005 0.0027 0.0009
PAH mass required for 1 kg target 1.43 1.82 2.50
molecule

Conversion to target molecule % 70 % 55 % 40 %
target molecule output (functional kg 1.0 1.0 1.0
unit)
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Tables 7 and 8 summarise the mass relationships between feedstock input, PAH yield,
and conversion efficiency to produce 1 kg of the RIVUS target molecule through three
alternative aromatic routes, naphthalene, acenaphthene, and pyrene, based on
renewable (biomass-derived) and fossil (coal-derived) tar systems.

In both pathways, the naphthalene route emerges as the most material-efficient,
requiring the least amount of feedstock and exhibiting the highest conversion efficiency.
For the biomass-based system (Table 7), the naphthalene pathway provides the most
favourable yield-to-product ratio. Approximately 286 kg of biomass is required to generate
1 kg of the RIVUS target molecule through the naphthalene route, compared to 364 kg and
10 000 kg for the acenaphthene and pyrene routes, respectively.

For the coal-based system (Table 8), similar trends are observed. Approximately 286 kg of
coal is needed to obtain sufficient naphthalene to produce 1 kg of the RIVUS target
molecule, assuming a PAH yield of 0.005 kg naphthalene per kg coal and a 70 %
conversion efficiency from PAH to the final product. The corresponding requirements rise
sharply foracenaphthene (674 kg coal) and pyrene (2 778 kg coal) due to their much lower
abundances in the tar fraction and lower conversion efficiencies.

Although biomass-derived tar generally exhibits higher PAH concentrations than coal tar,
the overall feedstock requirement remains comparable once conversion efficiency is
accounted for.

These results collectively indicate that the naphthalene-based synthesis route offers the
most efficient and scalable pathway in both fossil and renewable contexts, while the
acenaphthene and pyrene routes are significantly less material- and energy-efficient. The
findings also reinforce the importance of optimising PAH recovery and conversion
efficiency, as even modest improvements in these parameters can substantially reduce
the feedstock demand and overall climate footprint of the RIVUS target molecule
production.

Climate Impact Comparison

Figure 10 compares the cradle-to-gate climate impacts associated with the production of
1 kg of the RIVUS target molecule through naphthalene, acenaphthene, and pyrene routes
under fossil (coal-tar-based) and renewable (biomass-tar-based) scenarios. The results
are expressed in kg CO, eq and include emissions from tar recovery and separation, PAH
extraction, conversion to the target molecule, and, in the coal-based case, climate
emissions related to coal coking for tar production and transport from China to Sweden.

Across all routes, the biomass-based system consistently demonstrates lower climate
impacts compared to fossil-based reference. The total climate impact of target molecule
production from biomass-based tar are 2.9, 3.9 and 5.2 kg CO, eq per kg target molecule
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production in the different routes of naphthalene, acenaphthene and pyrene routes,
respectively. The fossil-based includes the coking of coal for tar production and a mass
allocation to tar share which results in 2.5, 2.8 and 25.9 kg CO, eq per kg target molecule
production for naphthalene, acenaphthene and pyrene routes, respectively. The climate
impact of target molecule production from the coal-based taris 7.2, 20.7 and 13.1 kg CO,,
eq per kg target molecule production for naphthalene, acenaphthene and pyrene routes.
Assuming that the fossil-based molecules are imported from China this will add
emissions related to transport of approximately 1.4 kg CO, eq. per kg target molecule
production.

Among the three pathways, the naphthalene route shows the lowest total impact in both
systems, aligning with its higher PAH abundance and superior conversion efficiency. The
pyrene route, by contrast, exhibits the highest footprint due to its low yield and energy-
intensive conversion steps. The acenaphthene route presents intermediate performance,
reflecting both moderate PAH content and conversion efficiency.

Overall, the results confirm that substituting fossil coal tar with biomass-derived tar can
reduce cradle-to-gate GHG emissions by approximately 40-70 %, depending on the
specific pathway. This reduction primarily stems from the biogenic carbon neutrality of
the biomass feedstock and the assumption that bio-tar is a side stream currently treated
as waste, thus bearing no upstream burdens. In contrast, the coal-based route entails
substantial emissions associated with coal coking operations. Furthermore, the fossil-
based system includes long-distance transport from China to Sweden, which adds to its
overall climate burden. Differences in energy mix also contribute to the observed
variation, as the coal-based production is modelled with the average China electricity
mix, while the bio-based route utilises the low-carbon Swedish national grid, further
reducing its overall impact.
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Figure 11.Contribution of process steps to total climate impact for biomass-based production routes.

Figure 11 illustrates the relative contributions of the distillation and target molecule
synthesis stages to the overall cradle-to-gate climate impact of the biomass-based routes
via naphthalene, acenaphthene, and pyrene. Across all pathways, the target molecule
synthesis stage accounts for the majority of greenhouse gas emissions (70-90 %), mainly
due to energy use in oxidation and imidation reactions. The distillation step, representing
PAH separation and purification from bio-tar, contributes a smaller but still relevant
share, particularly in the naphthalene route where the higher PAH fraction leads to larger
energy demand.
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Sensitivity testing

Economic allocation: When comparing the three PAH-based routes (naphthalene,
acenaphthene, pyrene), a consistent allocation principle is needed to ensure
methodological comparability. The objective of this study is to compare the climate
performance of alternative synthesis routes rather than the market value distribution of
co-products. Therefore, the mass-based allocation was selected as the primary
approach, as it ensures that each PAH bears an environmental burden proportional to its
physical output. For sensitivity analysis, a cross-route economic allocation was tested by
weighting the burdens according to each PAH’s contribution to the total economic value
of all recovered PAHs from the tar stream (approx. 30 % naphthalene, 35 %
acenaphthene, 35 % pyrene). This alternative reflects the relative market importance of
each compound while maintaining comparability between routes. The results confirmed
that the overall ranking of the routes remained unchanged, with the naphthalene-based
route consistently showing the lowest climate impact.

In addition to mass allocation, an economic allocation approach was applied to the coal-
based system to better reflect the relative market value of co-products generated during
the coking process. Based on typical industrial data, it was assumed that coal coking
produces approximately 70-75 % metallurgical coke, 20-25 % coke oven gas, and 3-5 %
coal tar by mass. Using representative market values of 400 €/t for coke, 75 €/t for coke
oven gas, and 200 €/t for coal tar, the coal tar stream was estimated to account for roughly
2 % of the total economic value of the coking process. Within this tar fraction, the value
distribution among the main PAH constituents was further differentiated according to
their relative market significance. The economic shares were therefore assigned as 30 %
for naphthalene, 35 % for acenaphthene, and 35 % for pyrene [44, 45]

The comparison between mass allocation (Figure 10) and economic allocation (Figure 12)
highlights the sensitivity of the results to the chosen allocation method. Under mass
allocation, impacts are distributed according to the physical mass of the PAH fractions in
the tar. This approach gives relatively balanced results between the routes and results in
total climate impacts below 10 kg CO, eq for the bio-based cases, as the heavier but
lower-value fractions (e.g., pyrene) receive a larger share of the burden.
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Figure 12. Climate impact comparison based on economic allocation.

For the economic allocation scenario, price data for the major PAH intermediates,
naphthalene, acenaphthene, and pyrene, were collected from market and literature
sources, including industrial suppliers and chemical price reports (e.g., Sigma-Aldrich,
Alibaba, and ChemAnalyst). These data indicate significant value differences among the
compounds due to their market scale, purity requirements, and end-use sectors.

The average market prices were assumed to be approximately 2 €/kg for naphthalene, 10
€/kg for acenaphthene, and 100 €/kg for pyrene. Applying these ratios in the allocation
procedure shifted a larger portion of the environmental burden toward the pyrene route,
even though its physical yield from tar is low. Consequently, the total climate impact of
pyrene-based target molecule production increased substantially under economic
allocation compared to the mass-based scenario. This illustrates that allocation choice
can drastically alter the interpretation of environmental performance, especially when
co-products differ widely in economic value.

In summary, while mass allocation represents a physically consistent view of resource
distribution, economic allocation provides a more market-oriented perspective that
highlights the influence of product value on attributed impacts. Both perspectives are
necessary for a robust interpretation of system sustainability, in line with ISO 14044
recommendations for sensitivity analysis of allocation methods.
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Recovery rates: Polycyclic aromatic hydrocarbons (PAHs) such as naphthalene,
acenaphthene, and pyrene are typically present in low concentrations within tar streams
derived from either coal carbonization or biomass gasification. The efficiency with which
these compounds can be recovered from tar depends on a combination of factors
including solvent type, extraction method, phase separation efficiency, and the physical-
chemical properties of the specific PAH. In industrial practice, recovery rates can vary
widely, typically ranging between 40-90%, depending on the complexity of the tar matrix
and the design of the separation process.

Given this variability, recovery efficiency represents one of the most influential and
uncertain parameters in the environmental assessment of PAH-based production routes.
A small change in recovery yield can significantly alter the amount of tar, solvent, and
energy required per kilogram of product, thereby affecting the total greenhouse gas (GHG)
emissions and overall resource efficiency. For this reason, testing different recovery
efficiencies in a sensitivity analysis is crucial. It allows the identification of how robust the
environmental performance of each route is underrealistic industrial variations and helps
prioritize process improvements. Since recovery rates in real-world systems are often
lower than theoretical yields, this introduces a significant source of variability and
uncertainty in the environmental performance of downstream value chains. For this
reason, recovery efficiency was selected as a key sensitivity parameter in the present
assessment: by varying the PAH recovery rate in the model, one can test how robust the
assumed climate benefit of bio-tar valorisation is to less than ideal separation
performance Table 9 and 10.

Table 9. Sensitivity analysis of PAHs recovery rate for fossil-based route.

PAH route Base case (100 %recovery) 50 % recovery % Increase in climate impact
Naphthalene ~7.2kg CO,e 9.0kg CO,e +25%
Acenaphthene ~10.7 kg CO,e 14.3kg CO,e +34 %
Pyrene ~13.1 kg CO,e 16.0 kg CO,e +22%

Table 10. Sensitivity analysis of PAHs recovery rate for biomass-based route.

PAH route Base case (100 %recovery) 50 % recovery % Increase in climate impact
Naphtalene route 2.9kg COLe 3.8kg CO,e +31%
Acenaphtene route 3.9kg CO,e 4.6 kg CO,e +18 %
Pyrene route 5.2kg CO,e 5.8 kg CO4e +12%
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When the recovery efficiency of PAHs from tar was reduced from 100 % to 50 %, the
overall climate impact of all routes increased proportionally, by approximately 20-35 %.
The magnitude of increase varied between PAHs, reflecting their baseline yield and
conversion efficiency. In the biomass-based scenario the naphthene route showed the
largest sensitivity to recovery losses, while the naphthalene and pyrene route remained
the most robust. Importantly, even under the low-recovery scenario, the bio-based routes
maintained lower total GHG emissions than the fossil-based references. This indicates
that while improved process efficiency is essential for competitiveness, the shift to a
biogenic feedstock remains the dominant factor driving climate benefits.

Avoided emissions

In the current industrial practice, the bio-tar reject stream is treated as waste and sent to
incineration, contributing approximately 0.05-0.1 kg CO,-eq per kg tar through non-CO,,
gases and auxiliary energy. If this stream is valorised through extraction of polycyclic
aromatic hydrocarbons (PAHs) and subsequent conversion into the RIVUS target
molecule, the system avoids the need for fossil-derived feedstocks such as coal tar (table
11).

Table 11. Avoided emissions by use of biomass-based feedstock for target molecule production

Scenario What happens Climate effect per kg | Interpretation

bio-tar

Baseline: Tar combusted for disposal, ~0.05-0.2 kg CO,-eq/kg Mostly biogenic, but adds small non-CO,
Incineration possibly with heat recovery tar gases + auxiliaries and requires transport
and handling operation

Alternative: PAH fraction extracted (~5-7 % ~2-4 kg CO,-eq/kg Process energy, solvent, and reagent use
Valorisation of tar) » converted to RIVUS RIVUS product cause GHGs
molecule
Substitution Fossil target molecule avoided -10to -35 kg CO,-eq/kg  Depending on fossil route intensity
effect fossil-based RIVUS
product

Consequently, substituting incineration with chemical valorisation results in a net climate
benefit of approximately 8-12 kg CO,-eq per kg RIVUS molecule, even when assuming
conservative energy credits for the baseline incineration process. This result
demonstrates that the environmental advantage arises not from avoiding incineration per
se, but from substituting a fossil-intensive product with one derived from an otherwise
low-value biogenic waste stream.
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Discussion

The results of this assessment highlight the significant climate benefits achievable
through the substitution of fossil coal tar with biomass-derived tar to produce the RIVUS
target molecule. The comparative LCA demonstrates that using bio-tar, currently treated
as a low-value side stream, can substantially lower cradle-to-gate greenhouse gas
emissions while contributing to a more circular and regionally independent supply chain.
This aligns with broader decarbonization goals within Sweden’s process industries and
the EU’s sustainable materials agenda.

The main driver behind the reduced climate impact of the bio-based route is the carbon
neutrality of the biomass feedstock and the treatment of bio-tar as a waste stream,
exempt from upstream environmental burdens. In contrast, coal-tar-based production is
burdened by emissions from coal coking, high-temperature carbonization, and
associated energy use. Additionally, long-distance transport from China to Sweden adds
further emissions, whereas the bio-tar scenario benefits from Sweden’s clean electricity
mix and shorter transport distances. The comparative results thus underscore the
advantage of integrating local, renewable carbon sources into advanced materials value
chains.

However, several limitations and sensitivities influence the robustness of these findings.
The first concerns allocation methodology. While mass allocation provides a physically
consistent basis for distributing impacts among co-products, economic allocation
reflects market realities more accurately. The sensitivity analysis shows that using
economic allocation increases the climate burden attributed to high-value but low-yield
PAHs such as pyrene, shifting the overall impact balance. This highlights the need for
transparency in allocation choice, as recommended by ISO 14044, especially in systems
where co-products differ greatly in both quantity and market value.

The second critical parameter is recovery efficiency. The results indicate that a reduction
in PAH recovery from 100 % to 50 % can raise total emissions by 20-35 %, emphasizing
that efficient separation and purification processes are essential for the environmental
competitiveness of bio-tar valorisation. Nevertheless, even under conservative recovery
assumptions, the biomass-based routes maintain a lower climate footprint than the fossil
reference, confirming the intrinsic advantage of biogenic feedstocks.

Another point of consideration is feedstock quality. While biomass gasification tar
contains comparable or higher yields of lighter PAHs such as naphthalene, the tar itself is
chemically less stable and more oxygenated than coal tar. This may limit direct
comparability and could require additional upgrading or purification energy. Such process
intensification could narrow the climate advantage if not optimized. Future process
design should therefore focus on improving PAH selectivity and reducing energy use
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during oxidation and imidation reactions, which account for a major share of total
emissions in the bio-based route.

Finally, the results illustrate the potential system-level benefits of valorising side streams.
Instead of incineration, resulting in minor emissions of 0.05-0.2 kg CO,-eq./kg tar,
conversion of bio-tar into valuable aromatic intermediates enables avoided emissions of
up to 8-12 kg CO,-eq. per kg RIVUS molecule, primarily by substituting fossil-derived
inputs. This exemplifies a shift from linear waste management to circular material
recovery, where industrial residues serve as renewable feedstocks for advanced
technologies.

In summary, the discussion confirms that while process efficiency and methodological
choices influence absolute results, the strategic transition from fossil to biomass-based
tar remains environmentally favourable and industrially relevant. Future work should
therefore integrate detailed process modelling, scale-up validation, and multi-impact
assessment (including resource use, toxicity, and energy demand) to strengthen the
evidence base for sustainable implementation.
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Conclusions

This study demonstrates that valorisation of bio-tar, a currently underutilised by-product
from biomass gasification, offers substantial potential for reducing the climate footprint
of RIVUS target molecule production compared to the conventional coal-tar-based route.
The comparative cradle-to-gate assessment shows that substituting fossil coal tar with
biomass-derived tar can reduce greenhouse gas (GHG) emissions by approximately 40-
70 %, depending on the polycyclic aromatic hydrocarbon (PAH) pathway and allocation
approach applied.

The primary drivers of this reduction are the biogenic carbon neutrality of the biomass
feedstock and the assumption that bio-tar is a side stream treated as waste, thus bearing
no upstream environmental burdens. In contrast, coal-tar production involves significant
emissions from coal coking and PAH extraction, as well as long-distance transport from
China to Sweden. Furthermore, the use of the Swedish low-carbon electricity mix in the
bio-based system further reduces energy-related emissions relative to the fossil-based
route.

Among the three aromatic precursors, the naphthalene route consistently exhibits the
lowest climate impact due to its higher yield and conversion efficiency, while the pyrene
route shows the highest, driven by low yield and energy-intensive conversion steps.
Sensitivity analyses confirm that both allocation choices (mass vs. economic) and PAH
recovery efficiency substantially influence absolute impact levels but not the overall
ranking of routes. Economic allocation, based on market value disparities among PAHs
shifts a disproportionate burden toward pyrene due to its high price and specialty use,
illustrating the importance of methodological transparency in LCA interpretation.

Finally, replacing the incineration of bio-tar with its chemical valorisation not only avoids
minor waste handling and transport climate emissions but also substitutes a fossil-
intensive product, resulting in net climate savings estimated at 8-12 kg CO,-eq per kg
RIVUS target molecule. The findings therefore provide a strong evidence base supporting
circular, bio-based feedstock valorisation as a viable strategy for reducing the carbon
footprint of advanced organic battery materials. Further work should focus on validating
industrial-scale recovery efficiencies, refining process energy integration, and extending
the analysis beyond climate change to include broader environmental and techno-
economic dimensions.
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